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that comprises of a regenerator, hot and cold heat exchangers, heat transfer fluid is developed. The 
regenerator is made of a magnetocaloric material (MCM) which heats up upon applying a magnetic field, 
H, and cools down when the field is removed; thus, making it the most essential part of an AMR. The 
model takes experimentally measured ∆Tad(H,T) and the Cp(H,T) data as input and provides quantitative 
performance metrics of the magnetic cooling system, such as ∆Tspan and the cooling load, as output. 
With this model, it is possible to assess a wide range of MCMs in an AMR. 4 different MCMs were 
investigated using this model in terms of their ∆Tspan and the cooling loads—LaFe10.96Co0.97Si1.07, 
MnFeP(1-x)As(x) and AlFe2B2 and Gd. During the screening of MCMs, all the important operating 
conditions of the device were fixed such as the fluid flow rate, ambient temperature, cycle duration, 
magnetic field strength. Our results indicate that Gd exhibits the maximum ∆Tspan with respectable 
cooling load, while AlFe2B2 generates the lowest ∆Tspan. Even though LaFeCoSi compound did not 
perform as well as Gd, it could be the MCM choice for the realization of magnetic refrigeration on a global 
scale due to its much lower cost. 
Keywords 
Magnetic refrigeration, Solid refrigerant screening, Regenerator, Modeling, Numerical simulation 
Disciplines 
Engineering Physics | Metallurgy 
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/ameslab_manuscripts/
695 
International Journal of Refrigeration 120 (2020) 50–57 
Contents lists available at ScienceDirect 
International Journal of Refrigeration 
journal homepage: www.elsevier.com/locate/ijrefrig 
Using numerical methods to screen magnetocaloric materials in an 
active magnetic regenerative cycle 
Huseyin Ucar a , ∗, Durga Paudyal b , Ozdal Boyraz c 
a Chemical and Materials Engineering Department, California State Polytechnic University, Pomona, CA 91768, United States 
b The Ames Laboratory, U.S. Department of Energy, Iowa State University, Ames, IA 50011-3020, United States 
c Department of Electrical Engineering and Computer Science, University of California, Irvine, California 92697, United States 
a r t i c l e i n f o 
Article history: 
Received 16 March 2020 
Revised 16 August 2020 
Accepted 20 August 2020 
Available online 22 August 2020 
Keywords: 
Magnetic refrigeration 




a b s t r a c t 
A 2-dimensional numerical model of a room temperature operating Active Magnetic Regenerator (AMR) 
that comprises of a regenerator, hot and cold heat exchangers, heat transfer fluid is developed. The re- 
generator is made of a magnetocaloric material (MCM) which heats up upon applying a magnetic field, 
H, and cools down when the field is removed; thus, making it the most essential part of an AMR. The 
model takes experimentally measured T ad (H,T) and the C p (H,T) data as input and provides quantita- 
tive performance metrics of the magnetic cooling system, such as T span and the cooling load, as output. 
With this model, it is possible to assess a wide range of MCMs in an AMR. 4 different MCMs were investi- 
gated using this model in terms of their T span and the cooling loads—LaFe 10.96 Co 0.97 Si 1.07 , MnFeP (1-x) As (x) 
and AlFe 2 B 2 and Gd. During the screening of MCMs, all the important operating conditions of the device 
were fixed such as the fluid flow rate, ambient temperature, cycle duration, magnetic field strength. Our 
results indicate that Gd exhibits the maximum T span with respectable cooling load, while AlFe 2 B 2 gen- 
erates the lowest T span . Even though LaFeCoSi compound did not perform as well as Gd, it could be the 
MCM choice for the realization of magnetic refrigeration on a global scale due to its much lower cost. 
© 2020 The Author(s). Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Utilisation de méthodes numériques pour évaluer les matériaux 
magnétocaloriques dans un cycle de régénération magnétique actif 
Mots-clés: Froid magnétique; Filtrage/Triage des frigorigènes solides; Régénérateur; Modélisation; Simulation numérique 
1. Introduction 
It is widely accepted that magnetic refrigeration is a promis- 
ing technology that could replace the conventional compression- 
expansion cooling devices. Considering the push for reducing 
the production of hydrofluorocarbons by the developed countries, 
magnetic cooling technology, due to not comprising ozone deplet- 
ing gasses, may provide a long-term solution to this problem. Mag- 
netic cooling exploits the magnetocaloric effect (MCE) of specially 
∗ Corresponding author. 
E-mail address: hucar@cpp.edu (H. Ucar). 
engineered magnetic alloys, and it was first realized in 1918 by 
Weiss and Picard (1918) by observing a reversible temperature 
change in nickel near its Curie temperature. At first, its use was 
limited to attaining cryogenic temperatures with the use of para- 
magnetic salts and intermediate temperatures by using superpara- 
magnetic particles ( Giauque, 1927 ; Debye, 1926 ). It is now a well- 
known fact that viable candidate materials for magnetic refriger- 
ation with near room temperature transition temperatures or at 
higher temperatures should rely on ferromagnetic to paramagnetic 
or magneto-structural phase transformations. 
The MCE is a property of magnetic materials and manifested in 
the reversible heating (cooling) of a magnetic material after the ap- 
plication (removal) of a magnetic field. To understand the origin of 
https://doi.org/10.1016/j.ijrefrig.2020.08.015 
0140-7007/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Nomenclature 
AMR active magnetic regenerator 
MCE magnetocaloric effect 
MCM magnetocaloric material 
CHEX cold heat exchanger 
HHEX hot heat exchanger 
Symbols 
c p specific heat capacity (J kg 
−1 K −1 ) 
h heat transfer coefficient (W/(m 2 .K)) 
H magnetic field strength (A/m) 
k thermal conductivity (W/(m.K)) 
˙ m (t) mass flow rate of the fluid (kg/s) 
q 
′′ 




r heat flux (W/(m 
2 .K)) 
˙ Q MCE Magnetocaloric heat generated (W/m 
3 ) 
˙ Q c Cooling Power (W) 
S M magnetic entropy (J kg 
−1 K −1 ) 
S r lattice entropy (J kg 
−1 K −1 ) 
S el electronic entropy (J kg 
−1 K −1 ) 
t time (s) 
T temperature (K) 
T ad adiabatic temperature change (K) 
T span temperature difference between CHEX and HHEX 
u x-direction velocity (m/s) 
Greek 
ρ f density of fluid (kg/m 
3 ) 
τ Cycle period (s) 








av, H average hot 
av, C average cold 
the magnetocaloric effect, it is necessary to state the total entropy 
of a magnetic material at constant pressure as; 
S T ( H, T ) = S M ( H, T ) + S r ( T ) + S el ( T ) (1) 
The total entropy change, S T , is the summation of the changes 
in magnetic entropy ( S M ), lattice entropy ( S r ), and electronic 
entropy ( S el ). While S r and S el are functions of tempera- 
ture only, S M depends both on magnetic field and temperature. 
On adiabatic magnetization of a material, the spin magnetic mo- 
ments are projected on the applied field direction; thus, resulting 
in the reduction of the magnetic entropy. Adiabatic conditions dic- 
tate that the decrease in magnetic entropy is to be compensated 
by an equal but opposite change in the entropy associated with 
the lattice and electrons so that the total entropy change remains 
constant. Since temperature is related to the kinetic energy of the 
electrons and the frequency of vibrations of the molecules based 
on the classical free electron theory of metals, any increase in S r 
and S el result in the heating of a material. This adiabatic tem- 
perature change, T ad , is known as the MCE ( A. M. Tishin et al., 
2003 ). 
While elemental Gd has served as a room temperature mag- 
netic refrigerant in many magnetic cooling device prototypes, prob- 
lems associated with its cost motivated several researchers to 
develop novel first order and second order transition magnetic 
materials that could replace it. First order materials La(FeSi)H 
(J. Lyubina et al., 2008 ; A. Fujita et al., 2001 ), MnFe(PAs) (E. 
Brück et al., 2005 ), MnNiGa (Y. Long et al., 2005 ) are promising 
because of their large T ad values. Second order transition mate- 
rials such as FeCoNbB (J.J. Ipus et al., 2010 ), FeNi (H. Ucar et al., 
2013 ) drew much attention in the beginning due to their extremely 
low price; however, their efficacies as magnetic refrigerants were 
quickly realized to be no match for their rare-earth based counter- 
parts. 
One of the problems of existing MCMs is that the adiabatic 
temperature change is relatively small — T ad of Gd at 1T mag- 
netic field is only 3 K for instance. To make a useful cooling de- 
vice at room temperature with feasible magnetic fields ≈1–2T, 
Barclay and Sarangi (1984) proposed to use a regenerative process 
in which a fluid keeps reciprocating between the hot and cold end 
while the MCM is magnetized/demagnetized synchronously. This 
set up is known as active magnetic regenerator (AMR), and thanks 
to the regenerative process, it can create temperature gradients be- 
tween hot and cold ends that is much larger than the T ad of an 
MCM. 
In order to generate a large temperature gradient, the key re- 
quirement is to ensure that the fluid keeps taking the heat load 
from the cold end and transferring it to the hot end of the AMR to 
be expelled to the environment in a cyclical manner. In an AMR, 
a complete cycle which is also known as the Brayton refrigeration 
cycle consists of four distinct phases: 
1 Magnetization of the regenerator: The maximum magnetic field 
is applied resulting in increase in the temperature of the MCM. 
2 Fluid flow from cold reservoir to hot reservoir: Heat is absorbed 
by a fluid forced through the heated MCM from cold sink to hot 
sink. The fluid leaves the MCM at the average hot outlet tem- 
perature, T av,H higher than the hot reservoir temperature. Pass- 
ing through the hot heat exchanger, it rejects the excess heat 
and its temperature drops to T H . This step is referred to as cold 
blow . 
3 Demagnetization of the regenerator: The magnetic field is de- 
creased to zero which results in decreasing the temperature of 
the MCM. 
4 Fluid flow from hot reservoir to cold reservoir: The fluid is 
forced from the hot end to cold end. As it passes through the 
MCM, its temperature drops from T H to average cold outlet 
temperature, T av,C , by exchanging heat with the MCM. Since 
T av,C is lower than the cold reservoir temperature, it absorbs 
heat from the cold end; hence, a temperature gradient devel- 
ops between the hot and cold ends. This step is referred to as 
hot blow . 
Several studies have been conducted to assess the performance 
of this AMR cycle using various MCMs. Gd—a benchmark MCM, has 
been used as the regenerator extensively. Tusek et al. (2011) ex- 
plored the influence of packed-bed of Gd sphere size on the 
AMR cooling efficiency and found that smaller sphere diameter 
leads to larger cooling load due to better heat transfer properties. 
Lionte et al. (2015) shed light on the interplay between device op- 
erating frequency and the fluid velocity, and emphasized the im- 
portance of synchronous operation of the two key parameters. In 
addition to Gd, other relatively cheaper compounds that might be 
promising alternatives to rare-earth based alloys were explored by 
others. El Boukili et al. (2019) calculated the S M and T ad values 
for AlFe 2 B 2 intermetallic using the Monte Carlo approach which 
were fed into the AMR model that gave a maximum cooling load 
of 50 W, and a no-load temperature span of 10 K. Aprea et al. 
(2015 and 2018 ) both numerically and experimentally assessed var- 
ious lanthanides and manganites as possible candidates for mag- 
netic refrigeration at room temperature. Niknia et al. (2017) devel- 
oped a 1D numerical model as a predictive tool to determine the 
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Fig. 1. The boundary conditions used in the AMR model. 
efficiency of first order and second order materials, and pointed 
out the subtle differences between these two types of materials 
to variations in the hot and cold side temperatures. He concluded 
that second order MCM tends to be less sensitive to changes in 
these parametric changes in the model. 
This paper aims to assess the efficacy of various promising 
MCMs in an AMR cycle by developing a robust numerical model. 
The model uses a fixed geometry, magnetic field, and fluid velocity 
using a range of materials. Main performance metrics used during 
assessment are the maximum attained temperature span and the 
cooling power as outlined by Rowe (2011) , and as adopted in ear- 
lier studies ( Ezan et al., 2017 ; Roudaut et al., 2011 ). 
While the model developed in this study has quite a few par- 
allels with earlier magnetocaloric models, it embodies unique fea- 
tures which we mention briefly here. The model uses parametric 
convective heat transfer values at the CHEX end of the AMR to as- 
sess the cooling power and T span metrics of various MCMs. Sec- 
ondly, our model uses experimentally measured heat capacities as 
well as T ad rather than mean field approximations of the cor- 
responding quantities. Thirdly, it is worth mentioning here that 
while several studies assess only one MCM in their simulations, 
this study is a screening of four important MCM developed in the 
last two decades. Using the same model for all these MCM ensures 
that one can be safely compared on an equal footing with another. 
Lastly, we show that all the MCM in this study share the same 
optimal fluid velocity in the AMR due to having similar magnetic 
transition temperatures. This implies that as long as an AMR sys- 
tem is optimized for a particular MCM, similar parameters can be 
transferred to other MCM as long as they exhibit similar transi- 
tion temperatures. This manifests itself in the heat capacity and 
the adiabatic temperature change curves. 
2. Modeling the AMR 
The simulations are performed using COMSOL Multiphysics 
which solves the corresponding PDEs described in Section 2.1 by 
discretizing the model with the weak formulation of the Finite El- 
ement Method. The simulation considers both laminar flow and 
heat transfer in solids & fluids physics which solve the equations 
described in Section 2.1 . for the dependent variables such as fluid 
velocity and temperature distribution across the AMR. First, the ve- 
locity profile is determined in the fluid which is used to solve for 
the temperature distribution in the solid and fluid domains upon 
cold and hot blows. This is repeated until the system reaches con- 
vergence. 
2.1. Governing equations of the AMR model 
A 2D model is developed by Petersen et al. (2008) to solve the 
governing equations that describe the temperature distribution in 
the AMR in which the authors postulate that a 2D AMR model is 
necessary when the temperature gradients are nonnegligible inside 
the AMR; thus, enabling more accurate predictions of its efficiency. 
As shown in Fig. 1 , the AMR in our model consists of a regenerator 
which is made of the MCM that serves as the heat source, a cold 
heat exchanger (CHEX), a hot heat exchanger (HHEX) which are 
both made of copper, and water that serves as the heat transfer 
fluid. Adiabatic conditions are imposed at all the external bound- 
aries except the CHEX, and the HHEX top surface. This is to sim- 
ulate an environment in which adiabatic heating/cooling is real- 
ized in the regenerator due to the magnetocaloric effect. A numer- 
ical simulation of the set-up requires the consideration of the fluid 
flow which was assumed to be laminar in our model, the MCE 
in the regenerator, and the heat transfer between the regenerator- 
fluid as well as the fluid-heat exchangers. 
The velocity distribution in the fluid is determined by solving 
the Navier-Stokes momentum and continuity equations: 




+ ( u. ∇ ) u 
)
− u f ∇ 2 u + ∇p = 0 (2) 
∇ .u = 0 (3) 
And the temperature distribution in the solid regenerator is de- 
termined by solving the following heat transfer equation with the 
Q MCE term reflecting the magnetocaloric heat generated: 
ρs . c p,s 
∂ T s 
∂t 
+ ∇ . ( −k s ∇ T s ) = ˙ Q MCE + ˙ Q HT (4) 
Subsequently, the temperature distribution in the fluid domain 
is determined by solving the following heat transfer equation with 
the Q HT term linking the solid and fluid domains. 
ρ f . c p, f 
(
∂ T s 
∂t 
+ ( u. ∇ ) T f 
)
+ ∇ . (−k f ∇ T f ) = − ˙ Q HT (5) 
The MCE effect is incorporated into energy equation as the heat 
source, and defined as a function of the heat capacity of the MCM, 
and the rate of change of the T ad with respect to time as shown 
in Eq. (6) . Here, it is important to realize that both c p, s ( H, T ) and 
T ad ( H, T ) are functions of the applied magnetic field and the tem- 
perature of the regenerator. 
˙ Q MCE = ρs . c p,s ( H, T ) T ad ( H, T ) 
dt 
(6) 
c p, s ( H, T ) and T ad ( H, T ) data for all the materials screened 
in this study were taken from experimental data as illustrated in 
Figs. 3 (a) and (b) which were taken at 1T magnetic field for all 
the materials. A unit analysis shows that one gets W/m 3 for the 
Q MCE term in Eq. (6) when the units of c p, s ( H, T ) and T ad ( H, T ) 
are considered. COMSOL Multiphysics takes the Q MCE term in units 
of W/m 3 as an input, and solves the corresponding heat transfer 
equations of our 2D model by reducing the dimension of these 
physical quantities to make it appropriate for the 2D model in 
question. 
The solid and fluid domains are assumed to be in perfect ther- 
mal contact with the following boundary condition: 
k f 
(
∂ T f 
∂y 
)
= k s 
(




At the solid-fluid interface “no-slip wall” condition is imposed. 
2.2. AMR performance evaluation 
The performance metrics of the magnetic cooling system 
are investigated with respect to the temperature span of the 
magnetic cooling unit, and the cooling load. As described by 
Roudaut et al. (2011) , T span is the difference in temperature 
between the hot and cold reservoirs, T = T hot -T cold , the cooling 
power, ˙ Q c is the heat extracted from the cold source in the steady 
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Fig. 2. The variation of fluid velocity in the AMR cycle. Magnetic field strength is 
1T and used to magnetize the regenerator until the end of the cold blow, i.e., end 
of step 2 in the Brayton cycle. 
Fig. 3. Geometrical dimensions of the AMR model illustrated. 
Table 1 
Geometrical dimensions of the AMR model. 
Part Dimensions (Length × Width in mm 2 ) 
Regenerator 60 × 1 
Heat exchangers 30 × 1 
Fluid channel 200 × 0.25 
Heat exchanger-Regenerator Gap 20 
state which can be represented below as: 
˙ Q c = 1 
τ
t blow ∫ 
0 
˙ m ( t ) c p, f 
(
T c − T f, 0 ( t ) 
)
dt (8) 
Where ˙ m (t) is the mass flow rate of the fluid along the channel, 
T f, 0 is the temperature of the exiting fluid at the cold end. 
2.3. AMR design parameters and the magnetocaloric data 
Four steps of a Brayton refrigeration cycle as described in the 
introduction are shown in Fig. 2 along with the time steps used for 
fluid displacement along the channel as well as for the application 
of the magnetic field in this study. It is important to realize that, 
while various thermodynamic cycles are present such as Ericsson, 
Brayton or the Hybrid of the two, each might yield superior results 
for specific performance metrics in question as they were assessed 
by Plaznik et al. (2013) , our focus in this study has been to employ 
Brayton as the thermodynamics cycle. 
The geometrical parameters implemented in the model as 
shown in Fig. 3 are provided in Table 1 , while other pertinent in- 
put data such as the strength of the magnetic field, heat transfer 
coefficient are shown in Table 2 . In all the simulations, a perfect 
thermal contact between the HHEX and the surroundings is as- 
sumed by a large value of heat transfer coefficient at the hot end, 
Table 2 
Operating conditions of the AMR model. 
Parameter Value 
Cycle period 6s 
t 1 and t 3 2s 
t 2 and t 4 1s 
μ0 H 1T 
Initial and ambient temperature 293.15 K 
h H 10,000 W/(m 
2 .K) 
h C 0–10,000 W/(m 
2 .K) 
Table 3 
The results of grid sensitivity of the final model with respect to T span achieved. 
Extremely coarse Extra coarse Coarser Coarse Normal 
Mesh vertices 4805 8282 11,538 19,559 29,170 
T span (K) 19.35 18.95 18.94 18.78 18.70 
h H . However, the heat transfer coefficient at the cold end, h c , is 
varied from 0 to 10,0 0 0 W/(m 2 .K) to assess the performance of the 
regenerator in AMR. We were inspired by other researchers in se- 
lecting the cycle frequency and the geometry of the AMR. For ex- 
ample, Petersen et al. (2008) use 6 s as their cycle period while 
Chiba et al. (2014) use 3 s in their AMR. It is also worth mention- 
ing here that finding universal operating parameters and geomet- 
rical dimensions is not possible. However, one a working model 
such as this one is established, the parameters can be tuned to fit 
simulations to experimental results. 
Four different MCMs are evaluated in this model: (i) Gd, 
(ii)LaFe 10.96 Co 0.97 Si 1.07 (iii) MnFeP 1-x As x , and (iv) AlFe 2 B 2 . Gd is 
evaluated as it is regarded as the benchmark material for mag- 
netic refrigeration because of its high MCE near room temperature, 
while the rest of the candidates offer key advantages for appli- 
cation in magnetic refrigeration. Because they comprise relatively 
more abundant elements such as iron in their structure, they tend 
to have much lower manufacturing costs. The heat capacities and 
adiabatic temperature change for each MCM used as input are il- 
lustrated in Fig. 4 (a) and 4(b). 
3. Results and discussions 
3.1. Model validation 
The AMR model is validated with a mesh refinement analysis 
on Gd. It is important to ensure that a grid size that is sufficiently 
fine is chosen to accurately converge to the final solution. On the 
other hand, choosing a mesh that is redundantly dense would in- 
cur additional computational time. In our analysis, T span is selected 
to be the parameter under scrutiny as the grid size is changed. 
This is because calculation of T span relies on several other model 
parameters—velocity distribution in the fluid, heat capacity and the 
T ad of the MCM which are non-linear especially near the Curie 
temperature. Therefore, a poor selection of the mesh in the model 
will certainly be diagnosed by analyzing this quantity. The result 
of our analysis is provided in Table 3 that shows the final T span 
achieved for each mesh size, and it is illustrated in Fig. 5 . 
As we can see T span slightly decreases as the mesh becomes 
finer. This analysis demonstrates that all these mesh settings are 
appropriate to be used in the model that will yield accurate results. 
However, it should be noted that going from “extremely coarse”
to “normal” mesh increases the computation time by a factor of 
8. Because of these considerations, a “coarser” mesh setting is se- 
lected which requires reasonable computational resources at the 
same time providing precise results for all the simulations in this 
study. 
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Fig. 4. (a) T ad as a function of temperature for the presented magnetic materials 
under a magnetic field change of 1 T. (b) Specific heats as a function of temperature 
for the presented magnetic materials under a magnetic field change of 1 T. 
Fig. 5. Evolution of T span as a function of time for different mesh settings in Gd. 
3.2. Optimization of fluid velocity in the AMR 
Fluid velocity along the channel is an important parameter that 
determines the efficacy of an AMR, therefore it needs to be opti- 
mized. Fig. 6 shows the T span as a function of fluid velocity under 
no-load conditions for all the MCM explored in this study. It is ob- 
vious that, there exist an optimal fluid velocity which can be ap- 
Fig. 6. The temperature span at 0 W cooling load versus fluid velocity along the 
channel. 
Fig. 7. Cooling power as a function of fluid flow. 
proximated to be 0.05 m/s, giving rise to a maximum T span . Hence, 
this fluid velocity is employed for simulations in this study. 
The fact that all the MCMs in this study have the optimal ve- 
locity should not be too surprising considering the fact all the ma- 
terials investigated in this study have similar magnetocaloric be- 
havior. In other words, they do display similar magnetic transition 
temperatures and similar heat capacity curves which peak around 
room temperature as shown in Fig. 4 . 
Fig. 6 also demonstrates that when the fluid velocity is too 
slow—smaller than 0.05 m/s—the cooling effect of the magne- 
tocaloric material is not utilized. In other words, the fluid is not 
able to deliver the cooling generated by the AMR to the CHEX 
which is obvious from the dramatic reduction in the T span for 
fluid velocities smaller than 0.05 m/s. On the other hand, when 
the fluid velocity is too high, CHEX will inevitably absorb heat 
from the HHEX side as well as from the surroundings which 
is undesirable. Similar investigations were observed by other re- 
searchers and the results have the same trend of dependency as in 
Tusek et al. (2011) and Bouchekara et al. (2008) . 
The impact of fluid velocity on cooling load was also studied 
and illustrated in Fig. 7 taking Gd as the prototypical example 
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Fig. 8. (a) Illustration of the evolution of time to achieve steady state for all the 
heat transfer coefficients imposed at the CHEX—h c . (b) Transient evolution of T span 
as a function of time for various values of h c at the CHEX end for Gd as the MCM. 
as other MCM do display similar trends. The cooling power of 
the AMR increases radically beyond about 0.05 and plateaus af- 
ter 0.2 m/s. It was demonstrated by earlier studies ( Tusek et al., 
2011 ; Tagliafico et al., 2012 ; Liu et al., 2011 ) that the cooling load 
increases and then decreases. The reason we are not able to see 
a decreasing trend would be because we set the maximum fluid 
velocity to 0.4 m/s. Cooling power may show a decreasing behav- 
ior beyond this fluid velocity. It is important to emphasize again 
that we optimized the fluid velocity based off of T span and not the 
cooling power, and the reader is referred to the aforementioned 
studies that carried out a complete cooling power vs. fluid velocity 
for further information. 
3.3. Assessment of Gd 
Fig. 8 (b) shows the development of (T span = T hot -T cold ) obtained 
after 900 s corresponding to ≈150 cycles for Gd with different h c 
values. It can be seen that the maximum T span which is achieved 
under no-load condition (h c = 0 W/(m 2 .K)) is about 19 K. As the 
h c increases, T span approaches zero as expected due to introducing 
large heat load at the cold heat exchanger end. At the beginning, 
the temperature is set to 293.15 K, then the temperature at the 
HHEX remains approximately the same due to having a very large 
h H while the temperature at the CHEX progressively decreases af- 
ter each cycle. The simulations are performed until the steady state 
conditions are met which requires a change in temperature be- 
tween two subsequent cycles not more than 0.01 K. The time it 
takes to achieve the steady state varies with the h c imposed at the 
CHEX end. It is apparent from Fig. 8 (a) and (b) that larger heat 
transfer coefficients decrease the time required to achieve steady 
states. Intuitively, achieving steady states with larger values of h c 
should be easier because the system is not able to generate as 
large T span between the heat exchangers as compared with the no 
load conditions. Under no load conditions, the system is constantly 
faced with a temperature gradient in each cycle which makes the 
transient state more persistent. On the other hand, introducing a 
large h c reduces the temperature gradients during each cycle; thus, 
enabling the system to reach steady states. This parametric study 
is carried out for all materials investigated in this study which al- 
lowed for assessing the variation of cooling power vs. T span for all 
MCMs as shown later in the text. 
Fig. 9. 2D temperature distribution across the AMR during (a) cold and (b) hot 
blow steps for Gd. Regenerator is in the middle, CHEX on the left, HHEX on the 
right, fluid channel at the bottom is connecting all the solid parts. 
Fig. 9 shows the 2D temperature evolution across the AMR dur- 
ing the cold ( Fig. 9 (a)) and hot blow ( Fig. 9 (b)) phases of the 
Brayton cycle. These profiles are taken after the system completed 
25 cycles which was sufficient to generate nearly 7–8 K tempera- 
ture difference between CHEX and HHEX. 
In the cold blow phase of the cycle, the heat generated in the 
regenerator due to the MCE of Gd is absorbed by the fluid and 
transferred towards to HHEX end, which culminates in the heating 
of HHEX. Because of very efficient heat transfer between HHEX and 
the surrounding, the temperature at the HHEX side drops down 
to its initial value very quickly. By contrast, in the hot blow pe- 
riod which follows after the demagnetization of the regenerator, 
the temperature of the fluid is reduced by the colder regenerator, 
which is transferred towards the CHEX; hence, reducing its tem- 
perature. 
3.4. T span and cooling power of all MCMs 
Two metrics are used to screen promising MCMs in this study: 
T span and the cooling power. T span that corresponds to no-load con- 
ditions for all the materials is illustrated in Fig. 10 . 
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Fig. 10. Transient evolution of T span at no-load as a function of time for four mate- 
rials investigated in this study. 
Fig. 11. Heat load as function of operation temperature span. 
Steady state is achieved for all the materials—it takes approx- 
imately 850 s ( ≈140 cycles) for Gd; 750 s ( ≈125 cycles) for 
LaFe 10.96 Co 0.97 Si 1.07 ; 800 s ( ≈133 cycles) for MnFeP (1-x) As (x) and 
875 s ( ≈ 145 cycles) for AlFe 2 B 2 . While Gd has the largest de- 
velopment of temperature gradient in the AMR, AlFe 2 B 2 has the 
smallest with a T span of 5.57 K. LaFe 10.96 Co 0.97 Si 1.07 , on the other 
hand, is able to develop a T span of 14 K. While this is not as large 
as Gd with a T span of 18.9 K, it may be a preferable alternative to 
Gd considering the abundancy of its constituent elements such as 
iron and silicon. 
Fig. 11 shows the evolution of cooling power, ˙ Q c as a function 
of T span for a fluid velocity of 0.05 m/s. For all the materials, the 
thermal load is applied at the CHEX end with varying h C values 
as demonstrated in Fig. 8 for the case of Gd. As expected, high 
cooling power occurs when the T span is zero and the maximum 
T span occurs when there is zero net cooling power ( Rowe, 2011 ). 
In addition, the relationship between T span and cooling power has 
been found to be linear when a single MCM is used as the re- 
generator ( Nielsel et al., 2010 ). All MCMs studied here show de- 
creasing values of cooling power as a function of T span almost in 
a linear fashion. The maximum ˙ Q c is 15, 12.7, 26 and 4 W for Gd, 
LaFe 10.96 Co 0.97 Si 1.07 , MnFeP (1-x) As (x) and AlFe 2 B 2 respectively. 
Conclusions 
This study presents a 2D numerical model of an AMR that uti- 
lizes the MCM as its refrigerant. The model allows for an evalua- 
tion of the performance of some of the promising magnetocaloric 
materials developed over the course of 2–3 decades. The simu- 
lations show that while Gd is able to generate the largest T span 
≈ 18.9 K, LaFeCoSi could be a viable alternative for applications 
in which reducing costs is a top priority at the expense of slight 
losses in the cooling efficiency. In addition, MnFePAs was deter- 
mined to have the largest cooling power ≈ 26 W, with a T span 
of nearly 8 K. Al 2 Fe 2 B, while very attractive as far as its cost ef- 
fectiveness is concerned, has the smallest cooling power ≈ 4 W 
and T span ≈ 5.5 K among all the materials investigated. Besides 
the ability to screen various magnetocaloric refrigerants, our model 
suggests an optimal fluid velocity which was determined to be 
around 0.05 m/s. While a direct comparison of this optimal value is 
not possible with the results from other studies due to having dif- 
ferent operating conditions (e.g. AMR geometry, mass of the mag- 
netocaloric materials, etc.), it is worth to point out that the same 
trend of dependency is observed in earlier studies. 
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